Previous investigators have shown that free fatty acids that accumulate during ischemia are an indicator of evolution in ischemic brain damage. Our study describes the temporal relations between free fatty acid accumulation and degradation of phospholipid molecular species after cerebral ischemia. Using the four-vessel occlusion model of adult Wistar rats, we analyzed quantitatively the cerebral phospholipid molecular species of diacyi phosphatidylcholine and diacyl phosphatidylethanolamine and released free fatty acids during ischemia. Total diacyl phosphatidylcholine molecular species decreased gradually but did not show any significant difference even at 60 minutes. By contrast, total diacyl phosphatidylethanolamine abruptly decreased after 5 minutes and continued to decrease significantly thereafter. Polyunsaturated molecular species showed a higher ratio of degradation than saturated and monounsaturated molecular species of either phosphatidylcholine or phosphatidylethanolamine. Total free fatty acid accumulated according to the time elapsed, and statistical significance was obtained after 10 minutes. Free arachidonic and docosahexaenoic acids were attributed to these significant accumulations at 10,15, and 30 minutes. At 60 minutes, individual free fatty acids increased nonspecifically. Free fatty acids, which are hydrolyzed from phospholipid classes, are known to be further metabolized to bioactive substances such as prostaglandins and leukotrienes. Rapid degradation of phospholipid molecular species, especially of diacyl polyunsaturated molecular species, could be an important finding to membrane perturbation. Effective prevention of these changes might enhance tolerance to ischemic brain damage. Received March 20, 1987; accepted December 11, 1987. Amount and composition of the FFAs released cannot give us accurate information on the degradation of phospholipids. Therefore, we describe a model for simultaneous comprehensive measurement of the cerebral contents of both phospholipid molecular species and FFAs by using the model of cerebral ischemia in rats, first, to explore the changes in phospholipid molecular species and FFAs during ischemia and second, to find out whether preferential cleavage of phospholipid molecular species, especially polyunsaturated molecular species, occurs during the early or late ischemic period.
B rain tissue contains a large amount of lipids, composed mostly of phospholipids, as the major structural component of biological membranes. The integrity of the membranes is essential to brain function. Various adverse conditions, such as ischemia, 1 
"
10 hypoxia," hypogrycemia, 12 and seizures, 1 induce decomposition of membrane phospholipids and release of free fatty acids (FFAs). FFA accumulation is said to be the only biochemical correlate of the evolution of ischemic brain damage. 13 Released FFAs are known to impair mitochondrial function. 1415 Arachidonic acid metabolites and prostaglandins may induce alterations in the blood-brain barrier 16 and disturbances of neuronal function. 17 Many pathways have been suggested for the release of FFAs from membrane phospholipids; the exact mechanisms responsible for the initiation and continuation of this increase are not yet clear. In addition, individual phospholipids (which have different concentrations and compositions of fatty acids) that may be involved in the release mechanism have not yet been identified. 18 Membrane phospholipids are also implicated in synaptic transmission.
Amount and composition of the FFAs released cannot give us accurate information on the degradation of phospholipids. Therefore, we describe a model for simultaneous comprehensive measurement of the cerebral contents of both phospholipid molecular species and FFAs by using the model of cerebral ischemia in rats, first, to explore the changes in phospholipid molecular species and FFAs during ischemia and second, to find out whether preferential cleavage of phospholipid molecular species, especially polyunsaturated molecular species, occurs during the early or late ischemic period.
Materials and Methods

Induction of Ischemia and Methods of Obtaining Brain Specimens
Male Wistar rats (350-450 g) of an SPF strain were acclimatized to the laboratory, fed a normal rat diet, and given free access to food and water until the time of the study. Anesthesia was induced with 60 mg/kg i.p. pentobarbital. Cerebral ischemia was produced by the procedure described by Pulsinelli and Brierley 20 after minor modification. 21 Rats were paralyzed with 0.5 mg/kg i.v. d-tubocurarine and ventilated through a tracheostomy by a small-animal ventilator. A femoral artery and vein were cannulated for monitoring blood pressure and sampl ing blood Paco 2 , Pao 2 , and pH. Both common carotid arteries were isolated from the vagus nerve and jugular vein and encircled with fine nylon threads that were then passed through Silastic tubes (occlusive devices). Then the rats were turned to the prone position. The alar foramina on each side were Goto et al Degradation of Phosphollpld Daring Ischemia exposed, and both vertebral arteries were electrocauterized; then, within 1 minute, the occlusive devices were tightened, causing severe hemispheric ischemia in all rats. In a preliminary experiment, regional cerebral blood flow in the parietal lobe was lowered to a level undetectable by the hydrogen clearance method (n = 6). The duration of occlusion was 5, 10, 15, 30, or 60 minutes. Control rats received sham operations. After each occlusion period, the brain was frozen in situ by pouring liquid N 2 into a paper funnel 22 fixed to the carvarium. The frozen brain was cut into two or three slices under intermittent irrigation with liquid N 2 , and the whole brain was chiseled out in a cryostat at -30° C and stored in liquid N 2 until analysis.
Quantitative Analysis of Free Fatty Acids
After the addition of an internal standard, pentadecanoic acid (15:0), the brain was weighed and homogenized for 30 seconds in 7 ml 5% trichloroacetic acid and 30 ml chloroform:methanol (1:2 vol: vol) in an ice bath using a Porytron homogenizer (Lucerne, Switzerland). Lipids were extracted three times at 37°C for 30 minutes according to the method of Kates.
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Then, 30 ml chloroform and 30 ml 0.01N HC1 were added and centrifuged. The neutral lipids were separated on a Sep-pak silica cartridge (Milford 24 and determined by gas-liquid chromatography (Shimadzu GC-9A, Kyoto, Japan) on a column packed with 10% Silar IOC on 100-120 mesh Chromosorb W (Kyoto, Japan), with a N 2 flow rate of 40 ml/min and a temperature of from 160° to 240° C. FFAs were identified by comparison of their retention times with those of standards run under identical conditions. Palmitic (16:0), stearic (18:0), oleiĉ 18:1), arachidonic (20:4), and docosahexaenoic (22:6) acids were quantified in comparison with known amounts of internal standards and expressed as micTOgrams per gram wet weight. The sum of these five values was considered to represent total nonesterified fatty acids.
Quantitative Analysis of Phospholipid Molecular Species
The phospholipids were separated by the methods described above, weighed, and resuspended in chloroform. After the addition of distearoyl-phosphatidylcholine (18:0-18:0 PC) and distearoyl-phosphatidylethanolamine (18:0-18:0 PE) as internal standards, 2 mg phospholipid containing 10 p.g butylated hydroxytoluene was applied and developed with a solvent of chloroform: methanol: acetic acid: water (180:150:30:10 vol:vol:vol:vol). Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were extracted three times from the TLC plates with chloroform:methanol (2:1 vol:vol). After drying under a N 2 stream, molecular species in PC and PE were identified and quantitatively analyzed according to the method of Kito and coworkers. 25 - 26 PC and PE were hydroryzed to diacylglycerols (DGs) by phospholipase C. Thereafter, DGs and dinitrobenzoylchloride were incubated in dry pyridine at 60° C for 10 minutes. The combined extract was dried under a N 2 stream to remove the pyridine. The residue was dissolved in 2.0 ml «-hexane, and this solution was washed. High-performance liquid chromatography (HPLC) was carried out on an Hitachi 655-15 liquid chromatograph (Tokyo, Japan). The separated molecular species were determined at 254 nm with an Hitachi 638-41 variable-wave UV monitor. An Ultrasphere ODS column (5 jim, 4.6 mm i.d. x250 mm, supplied by Altex Scientific, Berkeley, California) was used for separation with a solvent of acetonitrile: 2-propanol (80:20 vol: vol). The flow rate was 1.0 ml/min and the column temperature was 25° C.
Statistical Analysis
Means ±SEM were determined. The results were analyzed by one-way analysis of variance. A value of p<0.05 was considered to reflect significant differences throughout this study.
Results
Physiologic Variables
Physiologic variables are given in Table 1 . Systemic arterial blood pressure and pH remained stable throughout the experiment. Four-vessel occlusion led PacOj and Pao 2 to successive increases according to the time elapsed, but analysis of variance failed to show any significant differences.
Separation of Phospholipid Molecular Species
In control rats, PC and PE accounted for 41.9 ± 3.5% (n = 5) and 30.2 ±3.1% (n = 5) of the total phospholipids, respectively. Each PC and PE was further separated by their acyl group composition, that is, molecular species, using HPLC with a solvent of acetonitrile: 2-propanol (80:20 vol: vol) as shown in Figure 1 , in which the nine major consistent peaks were detected. The area of each peak was proportional to the amount of that molecular species and was not affected by differences in the structure of the molecular species. 25 Hence, the 18:0 (stearoyl)-18:0 species was added as an internal standard to determine the absolute amount of each fraction. The relative composition of each molecular species was different for PC and PE, as shown in Table 2 Tables 3 and 4 , respectively. Figure 2 shows the time course of changes in total PC and PE (sum of the nine major diacyl molecular species). Total PC gradually decreased during the experiment. However, the polyunsaturated molecular species (especially 16:0-22:6 and 18:0-22:6) were degraded rapidly after the initiation of ischemia (Table  3) . Polyunsaturated molecular species of diacyl PC decreased by 42% and saturated and monounsaturated molecular species decreased by 32% within 60 minutes.
Changes in Phospholipid Molecular Species During Ischemia
Total PE (sum of the nine major diacyl molecular species) decreased abruptly within 5 minutes (p<0.05), and then decreased gradually (Figure 2) . The rate and ratio of the decrement were more marked than for PC. Polyunsaturated molecular species of PE decreased by 66% and saturated and monounsaturated (Table 4) . Thus, although the rate of degradation and time course of decrement were different for PC and PE, polyunsaturated molecular species of both diacyl PC and PE were more liable to be degraded than the others in the early ischemic period.
Free Fatty Acids
The changes in the amount of total FFAs after four-vessel occlusion are shown in Figure 3 . The increase in total FFA was significant even after 10 minutes. The amount of total FFA increased progressively as the period of ischemia was prolonged and reached as much as 2.4 times the control value after 60 minutes of ischemia.
The changes in the amounts of individual FFAs after various periods of ischemia are given in Figure 4 and Table 5 FFAs was observed for as long as 30 minutes of ischemia, and then the increase in every kind of FFA became significant after 60 minutes of ischemia.
Discussion
Quantification of Molecular Species
Biological membranes are composed basically of lipid bilayers in which various phospholipid classes and their molecular species control membrane fluidity and functions. HPLC with detection at 205 nm has been used to separate molecular species. However, it is difficult to quantify the eluted molecular species using this wavelength because of the variable absorption properties of the individual molecular species. The new method we applied in our study, HPLC with detection at 254 nm, is simple and sensitive for the microdetection of changes in membrane phospholipid molecular species. 2526 
Changes in Phospholipid Molecular Species During Ischemia
Changes in phospholipids during ischemia and recirculation have been reported from many laboratories. However, there is controversy about the results, even if only the effects of ischemia itself are concerned. Rehncrona et al 8 observed no difference between the size or composition of phospholipid pools in complete and severe incomplete ischemia in rats. They suggested that free radical damage and peroxidative degradation of membrane lipids were not important to the accumulation of FFAs and were important rather to the activation of phospholipase A 2 during ischemia. Hattori et al 67 also reported no significant decrease and no changes in the composition of phospholipids and no significant changes in both deacylating and reacylating enzyme activities in the rat decapitation model. They considered that FFA release was attributed to the rapid depletion of high-energy phosphate compounds. By contrast, DeMedio et al 4 observed decreases in the total phospholipid, PC and PE, content in gerbil cortex after 10 minutes of ischemia. Yoshida et al 10 observed a 4% decrease in PC (not significant) and a 16% decrease in PE content of gerbil brain after 30 minutes of ischemia. Enseleit et al 5 reported small changes in the total cerebral phospholipid, PC, phosphatidylserine (PS), and PE content, which might depend on the different rates of lipid metabolism of gerbil brains subjected to various periods of ischemia. These discrepancies are probably due to a combination of factors such as differences in sampling procedures, analytic methodology, animal model, and duration of the ischemic insult.
Our results show a gradual decrease in total diacyl PC and an abrupt decrease in total diacyl PE, which are in agreement with previously published reports. 410 The cause of the abrupt decrease in diacyl PE molecular species is not clear. Since most of the PC is located on the outer leaflet whereas PE is located mainly on the inner leaflet of the plasma membrane, the intracellular hydroh/tic enzymes could be more accessible to PE. 27 In addition to the changes in the amounts of total PC and PE, we did further analysis to clarify which molecular species of PC and PE are involved in such changes induced by cerebral ischemia. Rat brain PC and PE were composed mainly of nine diacyl molecular species, among which four diacyl molecular species were poh/unsaturated and five were saturated or monounsaturated. The distribution of these molecular species for PC was different from that for PE, which may be due to differences inherent in the phospholipid classes. Our results reveal that, although ischemia ultimately causes nonpreferential hydrolysis of phospholipid (PC and PE) molecular species during the later period, poryunsaturated diacyl molecular species (of both PC and PE) are more rapidly degraded than saturated and monounsaturated molecular species during the early phase. Such preferential degradation of poh/unsaturated diacyl molecular species in each phospholipid class may be involved in the rapid accumulation of poryunsaturated FFAs after ischemia. Similar mechanisms may also explain, in part, the rapid degradation of PE, which is more abundant in poh/-unsaturated fatty acid residues than PC.
Free Fatty Acids
Cerebral ischemia results in marked time-dependent enlargement of the FFA pool of the brain In the early ischemic period, poryunsaturated FFAs such as 20:4 and 22:6 significantly increased. Such a differential accumulation of poh/unsaturated FFAs has been attributed to selective degradation of specific phospholipid classes whose acyl groups are rich in poh/unsaturated fatty acids. Our study also shows that PE, which is rich in pofyunsaturated acyl groups, was more rapidly degraded than PC. In addition, our results imply that the preferential degradation of poh/unsaturated diacyl molecular species in each phospholipid class is also a cause of the differential FFA accumulation. Since the absolute amounts of accumulated FFAs are disproportionately high in poh/unsaturated FFAs (20:4 and 22:6) between 10 and 30 minutes after ischemia, phospholipase A 2 is most likely involved in the degradation during this period.
-
31 Phosphatidylinositol 4-monophosphate (PIP) and phosphatidylinositol 4,5-diphosphate (PIP 2 ) are known to be present in large amounts and to disappear rapidly from the brain post mortem.
3 " 3 Although we did not determine the degradation of phosphoinositol lipids, the possibility cannot be excluded that phosphatidylinositol, PIP, and PIP 2 , which are composed mainly of 18:0-20:4 species, supply 20:4 and 18:0.
After 30 minutes of ischemia, 16:0,18:0, and 18:1 accumulate much more than 20:4 and 22:6. This indicates that nonspecific cleavage of phospholipids occurs in the late ischemic period. In this case, the participation of phospholipase A, and A 2 cannot be excluded. Different rates of FFA accumulation between these early and late ischemic periods may be due to different mechanisms, as indicated by other workers.
13;29>34
Relatively later, ischemia may cause profound perturbation of biomembranes by activating irreversible processes such as massive calcium influx or degradation of h/sosomes.
Clinical Significance
The potential significance of the changes in phospholipid molecular species and FFAs in terms of brain or neuronal function is obscure, but FFA accumulation may correlate with the duration of ischemia even after prolonged periods and may reflect the evolution of ischemic brain injury. 13 Reductions in high-energy phosphates, increases in lactate and individual FFAs, uncoupling of mitochondrial oxidative phosphorylation, and reduced oxygen utilization are also thought to be correlated with irreversible brain injury. Therefore, the prevention of rapid degradation of poh/unsaturated molecular species, especially in diacyl PE, might be clinically relevant in the treatment of cerebral ischemia.
In conclusion, 1) in the early ischemic period the selective hydrolysis of diacyl PE takes place, 2) the selective hydrolysis of phospholipid (diacyl PC and PE) molecular species possessing a poh/unsaturated acyl group also takes place in the early ischemic period, which strongly implies the involvement of phospholipase A 2 during this period, and 3) in the later period, additional nonspecific catalytic enzymes may be involved in the release and accumulation of FFAs.
